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ABSTRACT: In the search for superconductivity in 
BaAu2Sb2-type monoclinic structure, we have successfully 
synthesized a new compound BaPt2Bi2, which crystallizes in 
the space group P21/m (S.G. 11; Pearson symbol mP10) accord-
ing to a combination of powder and single crystal X-ray dif-
fraction and scanning electron microscopy. Sharp electrical 
resistivity drop and large diamagnetic magnetization below 
2.0 K indicates it owns superconducting ground state. This 
makes BaPt2Bi2 the first reported superconductor in mono-
clinic BaAu2Sb2-type structure, a previously unappreciated 
structure for superconductivity. First-principles calculations 
considering the spin-orbit coupling indicate that Pt-Bi anti-
bonding interaction plays a critical role in inducing super-
conductivity. 
The prediction of new superconductors is still an evasive 
goal for the solid state scientists. From the synthetic aspect, 
the most prominent challenge is to translate the physics of 
superconductivity into chemical requirements for new su-
perconducting materials. A long-standing strategy for finding 
new superconductors is to assume that superconductivity 
exists in a favored structural motif. AM2X2 compounds (also 
referred as 122-type) with layered tetrahedral framework 
structures are widely accepted as the ideal charge-transfer-
tunable systems.
1-2 
In particular, materials in the body-
centered tetragonal ThCr2Si2-type structure are well studied 
for their usual magnetic and superconducting properties.3 A 
smaller number of superconducting materials crystallize in 
the primitive tetragonal CaBe2Ge2-type structure (S.G.129).
4-5 
Although superconductivity was also discovered in the phase 
at the edge of phase transition between CaBe2Ge2- and 
BaAu2Sb2-type,
6 there is no evidence for superconductivity in 
monoclinic BaAu2Sb2–type structure.
7 From the structural 
viewpoint, the ThCr2Si2-type structure has two equivalent 
M2X2 layers per unit cell, while both the CaBe2Ge2- and 
BaAu2Sb2-type structures contain alternating M2X2 and X2M2 
layers with a small electronegativity difference between M 
and X.8 To search for superconductivity in BaAu2Sb2-type 
monoclinic structure, we choose an unexplored system based 
on Ba-Pt-Bi. For the first time, we have successfully synthe-
sized BaPt2Bi2 compound. Our structural characterization 
reveals the BaAu2Sb2-type monoclinic structure. Both the 
electrical resistivity and magnetic susceptibility indicate su-
perconducting transition at 2.0 K. We explore the origin of 
superconductivity by comparing its electronic structure with 
non-superconducting BaPd2Bi2. 
Polycrystalline samples of BaxPt2Bi2 (x= 1.0, 1.05, 1.1, 1.2, 
1.3, 1.5) were prepared by the high-temperature solid-state 
synthetic method with elemental barium (>99%, rod, Alfa 
Aesar), powder platinum (99.98%, ~60 mesh, Alfa Aesar), 
bismuth (99.999%, lump, Alfa Aesar). Both platinum and 
bismuth are ground together and mixed with excessive bari-
um pieces in the glovebox.9 The mixture of three elements 
was pelletized and placed into an alumina crucible which 
was subsequently sealed into an evacuated (10-5 torr) quartz 
tube. The following treatment was taken at 850 °C with a 
heating rate of 1 °C/min and then held for 2 days. After an-
nealing, the quartz tube was quenched by air. The resulting 
sample was stored in the glovebox due to its sensitivity to 
both air and moisture. A Rigaku MiniFlex-600 powder X-ray 
diffractometer equipped with Cu K radiation (=1.5406 Å, 
Ge monochromator) was used to examine the phase infor-
mation. The Bragg angle ranges from 0° to 90° in a step of 
0.010° at the rate of 0.8°/min. The refinement was carried out 
by using LeBail mode with JANA 2006.10-11 New ternary com-
pound BaPt2Bi2 crystallizes in the monoclinic BaAu2Sb2-type 
structure, similar to BaPd2Bi2. A small amount of PtBi (<10%) 
coexists as the minor impurity phase according to the pow-
der X-ray refinement.12 For the X-ray powder diffraction pat-
terns, as shown in Fig. 1(A), all scale factors and lattice pa-
rameters were refined using LeBail fitting, whereas the atom-
ic sites or displacement parameters of all atoms were not 
refined. The resulting profile residuals Rp is 9.06% with 
weighted profile residuals Rwp 12.51%. The refined lattice pa-
rameters for BaPt2Bi2 (monoclinic symmetry, a = 4.9694(2) Å, 
b = 4.8474(2) Å, c = 10.6463(4) Å, = 91.912(2)º) showed a con-
sistent result compared to the single crystal X-ray data. Anal-
ysis of samples, from both single crystals and SEM, confirms 
BaPt2Bi2 chemical composition, as shown in Table S1 and 
Figure S1. The high vacuum scanning electron microscope 
(SEM) (JSM-6610 LV) is used to determine the chemical 
composition. Samples were held on carbon tape before load-
ing into the SEM chamber. Multiple points and areas were 
examined for each sample to get the Ba: Pt: Bi ratio.  
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Figure 1. (A)Powder XRD pattern for BaPt2Bi2. The red 
points and black line represent observed and calculated in-
tensities, respectively. Peak positions for BaPt2Bi2 and the 
PtBi impurity are labeled by green and purple vertical bars, 
respectively. (B)(Left) Crystal structure of BaPt2Bi2 emphasiz-
ing the Pt2Bi2 and Bi2Pt2 tetrahedral layers. (Right) View 
along the [100] direction with the focus on the Ba-filled Pt-Bi 
framework. (Green: Ba; Blue: Pt; Pink: Bi) 
In order to avoid heterogeneity, more than twenty small 
crystals (~0.01×0.01×0.03 mm3) were chosen to take single 
crystal X-ray diffraction. The sample was analyzed by using a 
Bruker Apex II diffractometer with Mo radiation (K= 
0.71073 Å). Glycerol was used to protect the single crystals 
which were mounted on a Kapton loop. The measurement 
was taken in five different frames at 200 K to ensure accura-
cy. The direct methods and full-matrix least-squares on F2 
models with SHELXTL package were applied to solve the 
crystal structures.13 To make data acquisition, Bruker SMART 
software was utilized, as well as making corrections for Lo-
rentz and polarization effects.14 Numerical absorption correc-
tions were accomplished with XPREP, which is based on the 
face-index modeling.
15
 Table 1 and Table 2 summarize the 
outcomes of structural investigation including the atomic 
positions, site occupancies, and isotropic thermal displace-
ments.  
Table 1. Single crystal refinement for BaPt2Bi2 at 200(2) K 
Refined Formula BaPt2Bi2 
F.W. (g/mol) 945.48 
Space group; Z P21/m; 2 
a(Å) 4.957 (2) 
b(Å) 4.822 (1) 
c(Å) 10.610 (3) 
 (Å) 92.00 (1) 
V (Å3) 253.5 (1) 
Extinction Coefficient 0.0029 (5) 
θ range (deg) 1.921 - 33.146 
No. reflections; Rint 
No. independent reflections 
No. parameters 
2390; 0.0797 
955 
32 
R1: ωR2 (I>2(I)) 0.0691; 0.1442 
Goodness of fit 0.997 
Diffraction peak and hole (e-/ Å3) 6.440; -5.138 
As shown in Fig. 1(B), BaPt2Bi2 adopts the BaAu2Sb2-type 
structure with the space group P21/m (S.G. 11, Pearson Sym-
bol mP10). The BaAu2Sb2-type structure has the lower sym-
metry, compared to the CaBe2Ge2 structure. From the crystal 
structure of BaPt2Bi2 in Fig. 1B (Left), PtBi4 and BiPt4 tetrahe-
dral layers alternate along the c axis. The Pt-Bi distances in 
BaPt2Bi2 range from 2.74 to 2.83 Å, which are similar to the 
Pt-Bi distances in PtBi.12 In spite of Pt-Bi interactions, half 
amount of Pt atoms form the zigzag chains is with the dis-
tance around 2.98 Å. The shortest Bi-Bi distance is 3.456(1) Å, 
which is not easily correlated with any bonding interaction. 
The electronegativity difference between Pt and Bi is too 
small to give rise to significant charge transfer between Pt 
and Bi. (Pauling Scale: 2.28 for Pt and 2.02 for Bi; Allen Scale: 
1.72 for Pt and 2.01 for Bi) 16-17 Comparison to other com-
pounds in BaAu2Sb2-type structure, as the atomic radii in-
crease from Pd to Au on the M site and from Sb to Bi on the 
X site, the electronegativity difference between M and X 
keeps decreasing, the angle keeps increasing as well (see 
Figure S1). Thus, the interplay of atomic size and electroneg-
ativity governs the distortion of the structure.  
Table 2. Atomic coordinates and equivalent isotropic displace-
ment parameters of BaPt2Bi2 system (Ueq is defined as one-third 
of the trace of the orthogonalized Uij tensor (Å
2)). 
Atom Wyc. Occ. x y z Ueq 
Ba1 2e 1 0.2375(5) ¼ 0.7437(3) 0.0091(5) 
Pt1 2e 1 0.2555(4) ¼ 0.1248(2) 0.0091(4) 
Pt2 2e 1 0.8227(4) ¼ 0.5023(2) 0.0136(5) 
Bi1 2e 1 0.3035(3) ¼  0.3830(2) 0.0090(4) 
Bi2 2e 1 0.7491(3) ¼ 0.0021(2) 0.0068(4) 
Fig. 2(A) shows the temperature dependence of magnetic 
susceptibility () under different magnetic fields (H) be-
tween 1.9 and 2.5 K using a Quantum Design, Inc., supercon-
ducting quantum interference device (SQUID) magnetome-
ter. The magnetic susceptibility is defined as χ = M/H where 
M is the measured magnetization in emu and H is the ap-
plied field in Oe. At H = 20 Oe,  becomes negative with its 
magnitude increasing with decreasing temperature below Tc 
~ 2.0 K. This indicates that the system enters into the dia-
magnetic state below Tc. With increasing H, the diamag-
netism is suppressed, suggesting that a superconducting 
transition exists at Tc. Indeed, the zero-field resistivity drop 
measured using a Quantum Design Physical Property Meas-
urement System (PPMS) from 1.9 to 300 K, as shown in the 
inset of Fig. 2(B), confirms the superconducting transition. It 
also shows the linear behavior in above ~ 100 K, suggesting 
dominant electron-phonon scattering. At low temperatures, 
it slowly turns into T2 dependence as demonstrated in the 
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inset of Fig. 2(B), suggesting the strong electron-electron 
interaction. 
 
Figure 2. Physical measurements of the superconducting 
transition in BaPt2Bi2. (A) v (T) measured under different 
applied magnetic field from 1.85 to 2.5 K with zero-field cool-
ing and field cooling. (B) Resistivity vs. Temperature over the 
range of 1.8 to 300 K measured at zero applied magnetic field 
under 5000A. Insert: Two different superconducting transi-
tion temperatures are determined as onset Tc and zero Tc as 
shown. (C) Resistivity vs Temperature under various fields. 
(D) Heat Capacity measurements from 2 to 4 K.  
With the application of magnetic field, the transition is 
pushed towards lower temperatures and is more broaden in 
Figure 2(C). While magnetic susceptibility shows ~ 50% of 
Meissner volume fraction, low-temperature specific heat 
shows little anomaly at Tc. Fig. 2(D) exhibits temperature 
dependence of specific heat (Cv) plotted as Cv/T versus T
2 
between 2.0 and 4.5 K. Note that Cv/T starts to depart from 
high-temperature linear dependence when approaching Tc, 
reflecting superconducting transition. Unfortunately, the 
complete characteristic specific heat peak is not observed 
due to an instability of temperature below 2.0 K, but the heat 
capacity starts jumping up from Tc= 2.3 K significantly. Nev-
ertheless, by fitting the normal-state specific heat using 
Cv/T=+T
2, we obtain the electronic specific heat coefficient 
 ~ 1.06 mJ/mol•K2 and phonon contribution  ~ 3.91 
mJ/mol•K4. The  value allows us to extract Debye tempera-
ture D ~ 135 K. The value of the specific heat jump at Tc, 
estimated by the maximum value of specific heat observed at 
the low temperature limit of the measurement, is consistent 
with that expected from a weak coupling BCS superconduc-
tor. The ΔCel/γTc per mole BaPt2Bi2 is larger than 1. This ratio 
is already within error of the BCS weak coupling value of 1.43 
and is in the range observed for many superconductors. 
Thus, the observed superconductivity is intrinsic to BaPt2Bi2.  
 
Figure 3. Partial DOS curves (A) and –COHP curves (B) of 
BaPt2Bi2 obtained from non-spin-polarization (LDA). (+ is 
bonding/ − is anti-bonding, EF is set to zero.) 
To gain an intrinsic insight into the relationship between 
superconductivity and the electronic states of BaPt2Bi2, we 
investigate the electronic density of states (DOS) and Crystal 
Orbital Hamilton Population (–COHP) curves 18 for BaPt2Bi2 
calculated by using Tight-Binding-Linear-Muffin-Tin-Orbital 
performed by using the Stuttgart code.19 Figure 4(A) illus-
trates the total and partial density of states (DOS) for 
BaPt2Bi2. The DOS in the energy below −6.0 eV mainly con-
sists of Bi s-orbital. The DOS in the energy range from −6.0 
eV to +2.0 eV mainly consist of Bi p- and Pt d-orbital, in par-
ticular around Fermi level. Above +2.0 eV, the DOS origi-
nates from the Ba d and Pt d states. The significant DOS at EF 
is consistent with the metallic properties as we predicted 
from the structure and examined by experiments (electrical 
resistivity). A broad peak in the DOS in BaPt2Bi2 is often as-
sociated with a nearby structural, electronic, or magnetic 
instability such as superconductivity.  Furthermore, the de-
tailed atomic interactions in BaPt2Bi2 are analyzed through -
COHP calculations in Fig. 3(B). According to the correspond-
ing -COHP curves, the wavefunctions contributing to this 
peak around Fermi level have strong Pt-Bi and Pt-Pt anti-
bonding characters. These features of the -COHP arise from 
structural influences on the orbital interactions in BaPt2Bi2. 
Thus, according to the DOS and -COHP curves, BaPt2Bi2 is 
susceptible toward either a possible structural distortion by 
disrupting the antibonding Pt-Bi and Pt-Pt orbital interac-
tions at the Fermi level or toward superconductivity. 
The other question, why other monoclinic 122-type 
compounds, such as BaPd2Bi2, do not show 
superconductivity, is still a puzzle. To unravel it, we 
calculated the band structure without/with spin-orbit cou-
pling of BaPt2Bi2 using the VASP code 
20 with generalized 
gradient approximation (GGA) schemes.21 Structural lattice 
parameters obtained from experiments are used for our cal-
culations. The spin-orbit coupling is included on all atoms. 
The projector augmented wave method is applied, and the 
energy cutoff is 400 eV. 22-23 Reciprocal space integrations are 
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completed over an 11×11×5 Monkhorst-Pack k-points mesh. 
24
 
The broad peak in DOS is due to the presence of saddle 
points in the electronic structure at the Z and X points in the 
Brillouin zone. These saddle points near EF are often pro-
posed to be important for yielding superconductivity in a 
variety of materials. By comparing the Fermi surfaces of non-
superconducting BaPd2Bi2 and superconducting BaPt2Bi2 in 
Figure 4(A) and (B), it is clearly shown that the hybridization 
between Bi-p and Pt-d orbit leads to the saddle point at Z-
point and high DOS at the Fermi level. On the other hand, 
BaPd2Bi2 in the same monoclinic BaAu2Sb2 structure doesn’t 
possess such Pd-Bi interactions, and thus the DOS is low 
compared to that of BaPt2Bi2. The “rigid band” model pro-
poses that the structure type and electron count are para-
mount factors in superconductivity while the actual atomic 
configuration is generally not a primary consideration. 
25
 But, 
from the comparison of non-superconducting BaPd2Bi2 and 
superconducting BaPt2Bi2, the “critical pairs” of atoms, which 
gives the exactly right charge transfer between the atoms, are 
a crucial factor for inducing superconductivity. 
 
Figure 4. Fermi surfaces (FSs) for  (A) non-superconducting 
BaPd2Bi2 and (B) superconducting BaPt2Bi2. (C) Brillouin 
zone of the BaPt2Bi2 lattice. Results of the electronic struc-
ture calculations for BaPt2Bi2 without (D)/with (E) spin-orbit 
coupling. (F) Total and partial DOS curves and band struc-
ture curves obtained from GGA calculations with the inclu-
sion of SOC. 
Herein, we reported the first ternary phase in Ba-Pt-Bi 
system, monoclinic BaPt2Bi2, which has been successfully 
synthesized.  The crystal structure has been characterized by 
XRD measurements and the electronic structure has been 
obtained by first-principles methods. A combination of resis-
tivity, magnetic susceptibility, and heat capacity measure-
ments unambiguously shows that BaPt2Bi2 is a superconduc-
tor with Tc ~2.0 K. The electronic structure analysis of non-
superconducting BaPd2Bi2 and superconducting BaPt2Bi2 
illustrates that the Pt-Bi pair is a good pair for superconduc-
tivity in intermetallic compounds. The work presented here 
indicates the critical charge-transfer pairs can be a useful 
design paradigm for new superconductors.   
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